Myxococcus xanthus is a unique gram-negative bacterium living in soil. M. xanthus cells can undergo multicellular development involving cell-to-cell interactions (for a review, see reference 8). Upon nutritional starvation on a solid surface, cells aggregate to form mounds called fruiting bodies within which rod-shaped cells are converted into spherical or ovoid myxospores.
Several bacteriophages that infect M. xanthus cells are known (17) . Myxophage Mx8 is a generalized transducing phage of M. xanthus (22) . Purified phage particles have 56-kb linear double-stranded DNA molecules with an average terminal redundancy of 4.3 kb (31) . Restriction analyses showed that Mx8 phage DNA is circularly permuted (see Fig. 1A ). This phage can be lysogenized in M. xanthus cells by integrating its DNA into the host chromosome through site-specific recombination between the attP site on the phage DNA and the attB site on the host chromosome (4, 25) . This recombination system has been used to introduce recombinant plasmids into the M. xanthus chromosome, since various plasmids containing a fragment of Mx8 DNA have been shown to stably integrate into the chromosomal attB site (15, 29, 31) . In spite of the effectiveness and wide utilization of the Mx8 attP-mediated integration of plasmids, the integration mechanism is not well understood at present.
To reveal the mechanism of Mx8 site-specific recombination in M. xanthus, we analyzed the intP-attP region of Mx8 phage.
Comparison of attP, attB, attL, and attR sequences revealed a 29-bp segment that is absolutely conserved. The Mx8 intP gene was shown to encode a basic protein with 533 amino acids that carries two domains similar in structure to those of site-specific recombinases of the integrase family. We also demonstrated that the Mx8 attP site is located within the coding sequence of the Mx8 intP gene.
MATERIALS AND METHODS
Bacteria, phage, and plasmids. M. xanthus DZF1 sglA (16) was used. Escherichia coli JM83 ⌬(lac-proAB) rpsL thi ara 80 dlacZ⌬M15 (39) was used as a host for transformation and P1 transduction. E. coli JM109 recA1 ⌬(lac-proAB) endA1 gyrA96 thi hsdR17 supE44 relA1/FЈ traD36 proAB lacl q Z⌬M15 (39) was also used to construct various plasmids and to generate single-stranded DNA with phage M13 K07 (38) . E. coli LE329 (DE3) (28) was used as a host for T7 promoter-mediated gene expression (32) . P1clr100 Cm was used to introduce various plasmids into M. xanthus cells from E. coli cells (30) . pHSG399 (34) , pUC19 (39) , pUC118 (38) , pUC119 (38) , pP1inc (36) , pMC1403 (6) , and pET11a (32) were used as vectors for cloning and sequencing. pNT001 was constructed by replacing the 3.4-kb NspV-BalI segment of pMC1403 DNA with a BglII linker. pNT002 is a derivative of pNT001 and was obtained by altering the multicloning site to GAATTCCCGGGGATCCGTCGATCGACCTGCAGAT CCC instead of GAATTCCCGGGGATCCC as in pMC1403. The last three nucleotides, CCC, of the pNT002 cloning site correspond to the eighth codon of the lacZ gene.
Culture conditions. M. xanthus cells were grown in Casitone-yeast extract (CYE) medium (16) at 30ЊC. Solid medium contained 1.5% Bacto Agar (Difco). Kanamycin sulfate (40 g/ml) was added for the selection of kanamycin-resistant (Km r ) M. xanthus cells. E. coli cells were grown in Luria broth or 2ϫ YT medium (26) at 37ЊC. Ampicillin (100 g/ml), chloramphenicol (25 g/ml), tetracycline (6 g/ml), and kanamycin sulfate (50 g/ml) were added when necessary.
DNA manipulation and sequencing. Preparation of the chromosomal DNA and plasmid DNA, transformation, Southern hybridization, and other methods of DNA manipulation were performed as described previously (26) . The DNA sequences were determined by the dideoxy chain termination method (27) in both strands, with overlapping fragments being used and single-stranded DNA being used as a template. An Applied Biosystems 373A DNA sequencing system was used according to the instructions of the manufacturer.
Cloning of the attP-intP, attL, attR, and attB regions. A 2.9-kb SmaI fragment of the Mx8 genomic DNA attP-intP region was cloned into the SmaI site of pHSG399 to give pMP001. An integrative plasmid, pMP002 (see Fig. 2A ), was constructed by ligating the 2.9-kb SmaI fragment and a 1.3-kb DNA fragment containing the Km r gene from Tn5 into the SmaI site of pP1inc, a vector carrying the P1 phage incompatibility region (P1inc), to allow the P1 transduction. pMP002 was introduced from E. coli into M. xanthus cells by P1 transduction (30) to give its integration into the chromosomal attB site of M. xanthus.
To clone the attL and attR sites, the chromosomal DNA of pMP002-integrated M. xanthus cells was isolated, digested with EcoRI or BamHI, and self-ligated (9) . The ligation mixture was used to transform E. coli JM109 cells for ampicillin resistance. pMP003, a 10.5-kb plasmid containing the attL region, and pMP004, an 11.2-kb plasmid containing the attR region, were isolated from the EcoRI-and BamHI-digested chromosome DNA, respectively.
To clone the attB site, a 2.6-kb BamHI-KpnI fragment located near the attB site on the chromosome was isolated from pMP003 DNA, treated with DNA polymerase I Klenow fragment (Klenow enzyme), and inserted into the HincII site of pUC19. A 6.3-kb BamHI fragment containing the P1inc and Km r genes was inserted into the BamHI site of the resulting plasmid to give pMP005 (see Fig. 2C ). pMP005 was introduced into M. xanthus DZF1 by P1 transduction, and Km r colonies were isolated. From the Km r M. xanthus cells, the chromosomal DNA was isolated, digested with BamHI, self-ligated, and used to transform E. coli JM109 cells for ampicillin resistance. pMP006, a 7.1-kb plasmid containing the 4.4-kb BamHI fragment carrying the M. xanthus attB site (see Fig. 2A ), was obtained.
Construction of deletion and frameshift mutations in the intP gene and assay of their integration ability. To construct plasmids with deletions from the left end of the Mx8 sequence (pMP007 through pMP012 [see Fig. 5 ]), pMP001 DNA was first digested at the unique BamHI site in the vector and then digested completely or partially at various restriction sites within the insert. After treatment with the Klenow enzyme, the resulting fragments were ligated with the Km r DNA fragment. For deletions from the right end of the Mx8 sequence (pMP013 through pMP016), pMP001 DNA was digested at the KpnI site in the vector and at various restriction sites in the insert, treated with the Klenow enzyme, and religated. To generate frameshift mutations (pMP017 through pMP021), pMP001 DNA was digested with an appropriate restriction enzyme, treated with the Klenow enzyme, and self-ligated. The DNA junctions produced in various deletion and frameshift mutations were confirmed by either restriction enzyme analyses or DNA sequencing. All plasmids contained the Km r gene at the left end of Mx8 DNA in the same direction as that of the intP gene (see Fig. 5 ). All the plasmids carrying the mutations described above were converted into the pMP002 configuration as described earlier, yielding pMP007 to pMP021.
The final plasmids were transferred from E. coli to M. xanthus cells by P1 transduction to test their ability to integrate into the M. xanthus chromosome via site-specific recombination.
Construction of intP-lacZ fusion genes and ␤-galactosidase assay in M. xanthus. Two types of intP-lacZ fusion genes were constructed (6) . In the case of the construction of plasmids pMP022 to pMP027, 5Ј-end-truncated fragments of various sizes (see Fig. 6 [thin lines from pMP022 to pMP027]) were first generated by digesting pMP001 DNA with various restriction enzymes, and then the fragments were treated with the Klenow enzyme and digested with StuI. The isolated fragments were then inserted at the SmaI site of pNT002 so that the intP gene was fused at the glutamic acid residue at position 65 with the lacZ gene in the same reading frame. In other constructions (pMP028 to pMP030), the fusion was carried out downstream of the attP site. For this purpose, the NotI site in the intP gene of pMP001 DNA (see Fig. 6 ) was first converted to an NaeI site with the Klenow enzyme. Subsequently, the 2.66-kb SmaI-NaeI fragments of the resulting plasmid were inserted into the SmaI site of pNT001 to create the intP-lacZ fusion (see Fig. 6 [pMP028, -029, and -030]). In both constructions, pMP001 derivatives with frameshift mutations were also used. In all constructs (pMP022 to pMP030), a 7.8-kb EcoRI fragment containing the P1inc region, the Tc r gene of pBR322, and a part of the M. xanthus lonD coding sequence (37) was inserted into the EcoRI site of the pNT001 and pNT002 derivatives carrying the intP-lacZ fusion genes. The lonD gene was used for the integration site for all the constructs described above. Since the plasmids lack the intP function, they are integrated into the lonD locus on the M. xanthus chromosome by homologous recombination after being introduced by P1 transduction. The chromosome structure of each integrant was confirmed by Southern hybridization analysis. The ␤-galactosidase activity of M. xanthus cells carrying intP-lacZ fusion genes was measured with o-nitrophenyl-␤-D-galactopyranoside being used as the substrate and was expressed as nanomoles of o-nitrophenol per minute per milligram of protein as described previously (21) .
Expression of intP and intR genes in E. coli. The intP and intR genes were inserted into a T7 expression vector, pET11a, and overexpressed in E. coli cells (32) . At first, the sequence corresponding to the N-terminal region of the intP and intR genes was amplified by PCR with pMP001 DNA being used as the template. PCR was carried out with a forward primer (5Ј-CTCATATGGGTA ACGTCTATC-3Ј) containing an ATG initiation codon at the NdeI site to replace putative initiation codon GTG of the intP and intR genes and a reverse primer (5Ј-CTGGATCCACGCGTCAGCACACC-3Ј) corresponding to the sequence around the MluI site of the intP and intR genes. This primer also creates a BamHI site downstream of the MluI site. The PCR product was digested with BamHI and inserted into the SmaI-BamHI site of pUC19 to give pMP031. To generate expression plasmids with the entire intP and intR genes, pMP031 DNA was digested with MluI and BamHI and ligated with 1.4-and 1.2-kb MluI-BamHI fragments containing the sequences corresponding to the C-terminal regions of the intP and intR genes to give pMP032 and pMP033, respectively. The NdeIBamHI fragments of pMP032 and pMP033 DNA were then inserted at the NdeI-BamHI sites of pET11a to give pMP034 and pMP035, respectively.
For the expression of intP and intR genes, E. coli LE329 (DE3) cells harboring pMP034 or pMP035 were grown to an A 620 of 0.5 and treated with 0.4 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 30 min at 37ЊC to induce T7 RNA polymerase expression. Rifampin (final concentration, 200 g/ml) was added into the culture, and incubation was continued for an additional 30 min. Then, 10 Ci of [ 35 S]methionine was added to 2 ml of the cultures, and the cells were labeled for 10 min. Protein patterns were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 17.5% gel. Proteins were visualized by both staining with Coomassie brilliant blue and autoradiography.
Materials. Restriction enzymes, the DNA polymerase I Klenow fragment, oligonucleotide linkers, the DNA ligation kit, and the nick translation kit were purchased from either New England Biolabs, Takara Shuzo, or Nippon Gene.
[␣- Nucleotide sequence accession numbers. The entire nucleotide sequence data for attB, attL, intP-attP, and attR described in this paper will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under accession numbers D26557, D26558, D26559, and D26560, respectively.
RESULTS
Localization of the Mx8 attachment site. Previously, it was reported that plasmids containing the 12.6-kb EcoRI fragment (Fig. 1B) of Mx8 DNA could integrate into a unique site on the M. xanthus chromosome via site-specific recombination (29, 31) . Later, the internal 2.9-kb SmaI fragment (Fig. 1C ) was identified as a fragment which is still capable of integrating itself into the M. xanthus chromosome (15) .
Hence, we constructed an integrative plasmid, pMP002, by using the 2.9-kb SmaI fragment for in situ cloning of the attL and attR sites ( Fig. 2A) . This plasmid was introduced into M. xanthus DZF1 cells from E. coli cells by P1 transduction (30) . Many kanamycin-resistant transductants were obtained. These transductants were likely to be produced by site-specific recombination between the attP site on pMP002 and the attB site on the M. xanthus chromosome as shown in Fig. 2B . Chromosomal DNAs of a few independent transductants were isolated and subjected to Southern hybridization analysis with pUC19 DNA being used as a probe. The results indicated that in all cases, one copy of pMP002 DNA was integrated into the (Fig. 2B) . Isolation of attP, attL, attR, and attB sites and identification of the core sequence. To clone the attL and attR sites, the chromosomal DNA from one pMP002-integrated M. xanthus strain was digested with EcoRI or BamHI. Since both the origin and the ampicillin-resistant gene in the plasmids used are derived from pUC9 and flanked by a BamHI site and an EcoRI site (Fig. 2B) , self-ligation of the chromosomal DNA digests either by EcoRI or BamHI generates ampicillin-resistant plasmids containing either attL (by EcoRI digestion) or attR (by BamHI digestion), thus generating pMP003 and pMP004, respectively. Approximately 50 ampicillin-resistant colonies were obtained for each digestion.
In the case of EcoRI digestion, pMP003, a 10.5-kb plasmid containing a 6.5-kb attL host-phage junction region, was obtained (Fig. 2C ). In the case of BamHI digestion, pMP004, an 11.2-kb plasmid containing a 3.6-kb attR region, was obtained. From the restriction enzyme analyses of pMP002, pMP003, and pMP004 DNA, the recombination sites in attP, attL, and attR were located within the 0.6-kb SalI fragment of pMP002 DNA, the 0.7-kb SalI fragment of pMP003 DNA, and the 0.4-kb SalI-SmaI fragment of pMP004 DNA, respectively (Fig.  3A) . These fragments were subcloned and sequenced (Fig.  3B) . Next, we also cloned the attB region by integrating pMP005 (Fig. 9) , are also indicated. Fig. 2A) encompassing the attB site. The restriction enzyme analyses of pMP006 DNA indicated that the attB site was located within the 0.6-kb SalI-SmaI fragment (Fig. 3A) . The 0.6-kb SalI-SmaI fragment was subcloned and sequenced (Fig. 3B) . Figure 3B shows the alignment of the attP, attL, attR, and attB sequences. Each sequence was found to contain an identical 29-bp sequence designated as the core sequence. Sitespecific recombination between the phage attP and host attB sites is considered to occur within the core sequence on the basis of the sequences flanking the core sequence in attL, attR, attB, and attP, as in the case of phage integration (4). The 29-bp Mx8 attP core sequence was located near the right end of the 2.9-kb SmaI fragment of Mx8 DNA (Fig. 1C) .
Nucleotide sequence of Mx8 intP-attP region. Since pMP002 carrying the 2.9-kb SmaI fragment of Mx8 DNA was inserted into the chromosomal attB site of M. xanthus at a high frequency, the SmaI fragment is considered to bear all information required for site-specific recombination. Hence, the entire nucleotide sequence of the 2,897-bp SmaI fragment of Mx8 was determined (Fig. 4A) . Analysis of the sequence revealed a long open reading frame (ORF), tentatively designated the intP gene, whose sequence shows significant homology to those of several phage and plasmid site-specific recombinases belonging to the integrase family (see Fig. 9 ). As shown later, translation of the intP gene was postulated to start with the GTG codon at position 1154 and end with the TGA codon at position 2753. A purine-rich Shine-Dalgarno-like sequence (AAGGCAGG) separated by 8 bp from the initiation codon was found. Thus, the intP gene was deduced to encode a protein with 533 amino acids and a calculated molecular weight of 59,400. The calculated isoelectric point of the IntP protein is 9.9. The codon usage in the intP gene is similar to that in other M. xanthus genes, and the codon used in ORF has a high GϩC content at the third position (12) . There is another ORF with 268 amino acid residues from the GTG codon at position 355 to the TAA termination codon at position 1159 whose sequence does not show any significant homology to those of known proteins as determined by a search with the BLAST program.
To our surprise, the attP core sequence described above was located within the intP coding sequence. Thus, the integration of Mx8 phage or its derivative plasmids into the attB site of the host chromosome results in a replacement of the C-terminal 112-amino-acid segment of the intP gene from the attP site (Fig. 4A) with the C-terminal 13-amino-acid segment from the attR site (Fig. 4B) . The new ORF, designated the intR gene, now encodes a protein with 434 amino acids and a calculated molecular weight of 48,863. The calculated isoelectric point of the IntR protein is 10.1.
The neighboring region of the Mx8 attP sequence contains several direct and inverted repeats, located asymmetrically, like the attP region of various temperate phages (7, 23, 35) (Fig. 4A) . The 29-bp attP core sequence overlaps with 11-bp inverted repeats (Fig. 4A) . These sequences might be important for the integration of the phage DNA and could present recognition sites for integrase and another DNA-binding protein(s) (7, 23, 24, 35) . In addition, A-cluster sequences, known to cause a structural change in DNA (13) , were found at nucleotide positions 2344 to 2353 and 2455 to 2461. They might also play important roles in the recombination event.
Analysis of integration with deletion and frameshift mutations of the intP gene. The finding that the attP core sequence is located within the coding region of the intP gene raises an interesting question about the role of convertible C-terminal segments for IntP and IntR proteins. To determine whether the entire region of the intP gene is necessary for the sitespecific integration of Mx8 into the attB site on the M. xanthus chromosome, we carried out deletion and frameshift analysis of the DNA segment in pMP002. All the mutants used are shown in Fig. 5 . It was found that the plasmids from pMP007 through pMP010 carrying deletions at the region upstream of the intP gene were able to integrate themselves at the M. xanthus chromosomal attB site, since many Km r colonies were obtained, while pMP011 and pMP012 were not able to integrate (Fig. 5) . In the case of the deletions at the downstream region of the 29-bp core sequence, pMP013 and pMP014 could xanthus. Two types of intP-lacZ fusion genes together with various lengths of the upstream control sequence of Mx8 were constructed and introduced into a P1-transducing phage as described in the text. These plasmids were then introduced into M. xanthus cells by P1 transduction. In these experiments, the entire plasmid DNA was integrated into the lonD locus (37) not integrate into the M. xanthus chromosome, while pMP015 and pMP016 could. These results indicate that the minimum DNA region required for Mx8 site-specific integration is located within the 2.0-kb SphI-SalI segment which contains the entire intP gene together with the attP site (Fig. 5 ). This finding could be explained by any of three possibilities: the DNA sequence after the attP core sequence was required (i) for the attP function, (ii) for encoding the IntP protein, or (iii) for both. In fact, it is known that the 240-bp attP sequence is required in cis for integration of the phage into the E. coli chromosome (35) . Hence, we constructed a number of frameshift mutations within the 2.0-kb SphI-SalI fragment to test these possibilities. pMP017, pMP018, pMP019, pMP020, and pMP021 carried a 4-bp deletion at the BglI site (position 1123 in Fig. 4A ), a 4-bp insertion at the NcoI site (position 2292 in Fig. 4A ), a 3-bp deletion at the BglI site (position 2486 in Fig. 4A ), a replacement of AAC by TGCA at the BglI site (position 2486 in Fig.  4A) , and a 4-bp insertion at the NotI site (position 2657 in Fig. 4A), respectively (Fig. 5 ). pMP019 and pMP017 could integrate themselves into the M. xanthus chromosomal attB site at a normal and a reduced frequency, respectively, while pMP018, pMP020, and pMP021 could not.
These results indicate that the entire intP region, including the C-terminal segment after the attP core sequence, is indispensable for Mx8 site-specific integration into the M. xanthus chromosome. Especially telling is the finding that the 3-base deletion at the BglI site (position 2486) did not abolish the integration activity while the introduction of a frameshift with the addition of a base at the same point blocked the activity. This result strongly supports our prediction. In addition, some of the sequence upstream beyond the putative translation initiation site was found to also be necessary for integration. This sequence is likely to be required for the expression of the intP gene.
Expression of the intP-lacZ fusion gene in M. xanthus. That pMP016 carrying a 4-bp deletion at the BglI site (position 1123) still had an integration activity suggests that the translation initiation site of the intP gene is located downstream of the BglI site. To determine the initiation site of the intP ORF and to verify the requirement for the upstream regions, a series of intP-lacZ protein fusion genes were constructed (Fig. 6) . Plasmids pMP022 through pMP027 carried intP-lacZ fusion genes in which the intP gene was fused at the 65th codon to the E. coli lacZ gene together with various lengths of the upstream region as described in Materials and Methods. These plasmids were integrated into the lonD locus (37) on the M. xanthus chromosome by homologous recombination.
M. xanthus cells carrying pMP022 expressed about 200 U of ␤-galactosidase activity per mg of protein (Fig. 6) , indicating that the Mx8 intP gene is expressed during vegetative growth of M. xanthus and that the initiation codon of the intP gene is located upstream of the StuI site (position 1347). The frameshift mutation at the BglI site in pPM023 did not affect ␤-galactosidase expression, while the frameshift mutation at the SacII site (position 1299) in pPM024 did, indicating that the initiation codon of the intP gene is located between the BglI and SacII sites. Within this region, there are the following four possible initiation codons: GTG at position 1154, ATG at position 1196, GTG at position 1256, and GTG at position 1295 (Fig. 4A) . However, we tentatively assigned the GTG codon at base 1154 as the initiation codon for the intP gene, because it accompanies a putative purine-rich Shine-Dalgarnolike sequence as indicated in Fig. 4A (underlined) . M. xanthus cells carrying pMP025 produced ␤-galactosidase (30 U/mg of protein) while those carrying pMP026 or pMP027 did not, suggesting that the 0.35-kb SphI-BglI upstream fragment is also required for expression of the intP gene.
To confirm that translation of the intP gene continues beyond the attP core sequence, another type of intP-lacZ protein fusion gene was constructed (Fig. 6 ). Plasmids pMP028, pMP029, and pMP030 carried the intP-lacZ fusion gene in which the intP gene was fused to the lacZ gene at the 503th codon at the NotI site near the C-terminal region of the intP gene as described in Materials and Methods. These plasmids were also integrated into the lonD locus on the M. xanthus chromosome. As shown in Fig. 6 , M. xanthus cells carrying pMP028 produced ␤-galactosidase at about 120 U/mg of protein. On the other hand, frameshift mutations at the MluI and NcoI sites (positions 1466 and 2292, respectively) in pMP029 and pMP030 abolished ␤-galactosidase expression. These results clearly demonstrate that intP translation continues beyond the attP site.
Expression of intP and intR genes in E. coli. To demonstrate that the intP and intR gene products have different molecular weights, both intP and intR were expressed in E. coli with a T7 expression system (32) . After an NdeI site was created at the initiation codons of the intP and intR genes, their coding sequences were inserted into a T7 expression vector, pET11a, to give pMP034 and pMP035, respectively, as described in Materials and Methods.
The E. coli LE329 (DE3) cells harboring pMP034 and pMP035 were grown in the presence and absence of IPTG. FIG. 7 . Expression of intP and intR genes in E. coli. E. coli LE329 (DE3) cells carrying pET11a (lanes 1 and 2), pMP034 (lanes 3 and 4) , and pMP035 (lanes 5 and 6) were treated (lanes 1, 3, and 5) or not (lanes 2, 4, and 6) with IPTG and then were treated with rifampin. The cells were then labeled with [ ]methionine in the presence of rifampin as described in Materials and Methods. The total cellular proteins were then analyzed by SDS-PAGE (Fig.  7) . Proteins which were induced in the presence of IPTG are even visible in the protein patterns produced by staining with Coomassie brilliant blue (lanes 3 and 5 in Fig. 7A ). These protein bands are clearly detected by autoradiography (lanes 3 and 5 in Fig. 7B ). The major band, which has a molecular mass of 57 kDa and which is the product of intP, was observed for cells harboring pMP034. On the other hand, the major product from pMP035 has an apparent molecular mass of 47 kDa and is the product of intR. These molecular masses agree well with the calculated molecular masses of IntP (59 kDa) and IntR (49 kDa).
DISCUSSION
In the present study, the DNA sequences of attP, attL, attR, and attB required for site-specific recombination of myxophage Mx8 were determined, and it was found that they share a 29-bp core sequence. We also identified the intP gene of Mx8, which encodes a basic protein with 533 amino acids. The striking feature of the Mx8 integration system is that the Mx8 attP site is located within the intP coding sequence. Thus, integration of Mx8 into the M. xanthus chromosomal attB site results in a replacement of the 112-amino-acid C-terminal segment of the intP gene with a sequence consisting of 13 residues to create the intR gene. E. coli cells harboring the intP ϩ plasmid, pMP034, produced a 57-kDa protein, while those with the intR ϩ plasmid, pMP035, produced a 47-kDa protein. Conversion of the intP gene into the intR gene by Mx8 integration into the M. xanthus chromosome is shown schematically in Fig. 8 .
There are a number of site-specific inversion systems in which one of recombination sites is located within the coding sequence of the target genes. In Mu and P1 phages, the inversion of the G and C DNA segments controls the alternative expression of S genes for Mu and 19 genes for P1 with different C-terminal segments, which determines the host specificity of both phages (3, 14, 18) . In the shufflon of plasmid R64, the multiple inversion of four DNA segments selects one of seven different pilV genes with different C-terminal segments, which determines recipient specificity in liquid mating of R64 (19, 20) . In H and type 1 fimbria systems, the inversion of a DNA segment changes the direction of a promoter located within the invertible DNA segment to turn on or turn off the expression of target genes (1, 40) .
Various temperate phages and integrative plasmids are integrated into and excised from the chromosomal attB sites of host cells. The attB sites are often found within tRNA genes and intergenic spaces (5) . When an attB site is located within a host gene, the 3Ј end of the gene is duplicated in the lysogenized phage to preserve the structure of the host gene. For example, retrophage R73 is integrated into the selenocystyltRNA gene of the host chromosome (33) , and the 29-bp sequence present in the attP site of R73 is identical to the 29-bp sequence in the tRNA gene.
In both inversion and integration-resolution systems, sitespecific recombination genes are usually located near the recombination sites. In H inversion, the hin gene is located within the invertible H segment (40) . It should be noted that in all the site-specific recombination systems known so far, the recombination sites are always located outside the coding sequence of the recombinase genes. To our knowledge, the Mx8 integration system is the first example in which the recombination site is located within the coding sequence of the sitespecific recombinase gene.
Two major groups of site-specific recombinases are known. One group is the Din family, including Hin, Gin, Cin, and Pin invertases and resolvases of Tn3, Tn21, Tn501, and Tn1000 (10) . Another group is the Int family, including various Int proteins of phages (, P22, 186, P2, P4, 80, 11, FRAT1, HP1, L54, R73, and DLP12) and integrative plasmids (pSAM2, pSE211, and pVS1), resolvases of the E. coli chromosome (XerC), F and P1 plasmids (ResD and Cre, respectively) and various transposons (Tn554, Tn2603, and Tn4430), and invertases of the E. coli chromosome (FimB and FimE) and bacte- FIG. 9 . Alignment of the amino acid sequences of two conserved domains among the site-specific recombinases of the integrase family. Amino acid residues identical in more than 11 proteins in this alignment are printed in reverse type. Accession numbers for international nucleotide sequence databases are indicated. A consensus sequence is shown at the bottom, with three completely conserved amino acids being indicated with asterisks. "h" represents hydrophobic amino acid residues.
rial and yeast plasmids (Rci and Flp, respectively) (Fig. 9) . Although site-specific recombinases in the Int family are diversely differentiated during evolution, they share two conserved domains (2) . Figure 9 shows the alignment of amino acid sequences of two conserved domains among various sitespecific recombinases from the Int family. The alignment indicates that the Mx8 IntP (or IntR) protein belongs to the Int family. The constant region of the IntP protein shows the highest similarity to the Int protein of mycobacteriophage FRAT1 (23% identity over 317 amino acids) (11) . In all sitespecific recombinases in the Int family, three amino acids (R in domain 1 and R and Y in domain 2) are completely conserved (Fig. 9) . The conserved tyrosine residue in domain 2 is known to make a phosphodiester bond with the 3Ј end of the recombining DNA strand as a reaction intermediate. The Mx8 IntP protein carries an additional C-terminal domain with about 100 amino acids compared with other Int proteins. A 3-base deletion within the C-terminal region had no effect on Mx8 integration into the chromosome, while a frameshift mutation by the addition of 1 base at the same side blocked integration activity. This result indicates that the C-terminal region is required for the enzymatic function of the intP product.
In the DNA sequence shown in Fig. 4 , there is another ORF starting with the GTG codon at position 355 and ending with the TAA codon at position 1159 and overlapping the intP-intR gene by 5 nucleotides. Whether this ORF functions as an xis gene remains to be determined.
